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Modeling of Intermetallic Compounds Growth
Between Dissimilar Metals
LI WANG, YIN WANG, PHILIP PRANGNELL, and JOSEPH ROBSON
A model has been developed to predict growth kinetics of the intermetallic phases (IMCs)
formed in a reactive diﬀusion couple between two metals for the case where multiple IMC
phases are observed. The model explicitly accounts for the eﬀect of grain boundary diﬀusion
through the IMC layer, and can thus be used to explore the eﬀect of IMC grain size on the
thickening of the reaction layer. The model has been applied to the industrially important case
of aluminum to magnesium alloy diﬀusion couples in which several diﬀerent IMC phases are
possible. It is demonstrated that there is a transition from grain boundary-dominated diﬀusion
to lattice-dominated diﬀusion at a critical grain size, which is diﬀerent for each IMC phase. The
varying contribution of grain boundary diﬀusion to the overall thickening kinetics with
changing grain size helps explain the large scatter in thickening kinetics reported for diﬀusion
couples produced under diﬀerent conditions.
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I. INTRODUCTION
INTERMETALLIC compounds (IMCs) are often
formed at the interface between dissimilar metals during
diﬀusion bonding, welding, and mechanical milling,
etc.[1–5] The IMCs usually have properties that are very
diﬀerent from the base metals and thus have a critical
eﬀect in controlling overall joint performance. Diﬀusion
bonding is a widely used technique to study the growth
kinetics of IMC phases between dissimilar metals. In a
diﬀusion-bonded couple, two diﬀerent metals are
brought into intimate contact and then annealed at an
appropriate temperature below the eutectic melting
temperature. Solid-state diﬀusion occurs between the
two metals and leads to the formation of one or more
IMC phases at the interface between the two metal
substrates once a critical level of enrichment is reached.
Once the IMC has formed a continuous layer at the
interface, further growth is only possible by diﬀusion
through the IMC itself, and an abrupt change in kinetics
is often observed. To produce a bond with good
mechanical properties, it is usually essential to maintain
the IMC layer thickness below a critical value, since
IMC phases are typically brittle and can lead to a
marked loss in joint toughness if allowed to become too
thick.[5–8] Therefore, many researchers have studied
reactive diﬀusion in a large number of binary alloy
diﬀusion couples and there have also been several
attempts to model the evolution of the IMC layer.[1–5]
It is widely accepted that reactive diﬀusion is mainly
governed by volume diﬀusion,[1–3,9,10] and the thickness
of an IMC phase generally follows a parabolic relation-
ship with annealing time.[3,5,9,10]
It is common in analyzing reactive interdiﬀusion to
measure the thickness of the IMC layer as a function of
time under isothermal conditions and then ﬁt the data to
a parabolic law of the form:
l2 ¼ kt; ½1
where l is the layer thickness, k the parabolic coeﬃcient,
and t is time. By performing such experiments at a range
of temperatures, an eﬀective activation energy Q and the
pre-exponent factor k0 for the thickening kinetics are
obtained from the Arrhenius equation.[1–3,10] According
to Kidson,[11] the parabolic coeﬃcient is a mixture of
many diﬀerent parameters, and the simple Arrhenius
dependence on temperature is not strictly correct. It is
found that the values of activation energy that are
derived from such experiments show a large variation
even for the same system between studies, e.g., the
activation energy for thickening of the Al3Mg2 phase,
which is the main IMC phase in the Al-Mg binary
diﬀusion system, is reported in a range from 65 to
86 kJ/mol, which is a very signiﬁcant diﬀerence given
the exponential dependence of kinetic processes on
Q.[5,10,12,13]
The diﬀusion coeﬃcient is the key parameter to
describe the diﬀusivity of an element.[14] Since the IMC
growth is mainly controlled by volume diﬀusion, the
interdiﬀusion coeﬃcient can be used to compare the
growth rates between IMC phases. However, the inter-
diﬀusion coeﬃcient of an IMC phase cannot be simply
obtained, and must usually be extracted from experi-
mental measurements using a number of modeling
techniques.[1,2,12,15] The Boltzmann–Matano method[15]
is one of the most successful models to calculate the
interdiﬀusion coeﬃcient of IMC phases. This method
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requires measuring the composition proﬁle along the
IMC layers, based on the calculation of interdiﬀusion
ﬂuxes of individual components. Kajihara[1,2] also
developed a model to calculate the interdiﬀusion coef-
ﬁcient of the IMC phase in a binary alloy system for the
case where only one IMC forms. In Kajihara’s model,
the composition proﬁle is not required, but the compo-
sitions at each side of each interface are necessary.[1,2]
Another advantage of this model is that it can also be
utilized in reverse (once the interdiﬀusion coeﬃcient in
the IMC is known) to predict the IMC growth kinetics.
However, this model cannot be applied for many
practically important binary alloy systems where two
or more IMC phases form.
In order to predict the IMC growth kinetics, inter-
diﬀusion coeﬃcients of all the phases are required.
However, a wide range of interdiﬀusion coeﬃcient
values for each IMC phase is often reported, making it
diﬃcult to accurately predict the thickening kinet-
ics.[10,12,13] A possible reason for this is that the
interdiﬀusion values are derived from experiments that
do not explicitly consider the diﬀerent pathways that
contribute to diﬀusion, e.g., grain boundary and lattice
diﬀusion. Grain boundaries provide fast diﬀusion path-
ways, so the interdiﬀusion coeﬃcient depends on the
availability of such pathways, i.e., on grain size and
shape.[14,16] Few researchers consider the eﬀect of grain
boundary diﬀusion on the eﬀective interdiﬀusion coef-
ﬁcient of IMC phases.[1–3,12,13] However, this can be
important, since there are signiﬁcant diﬀerences in grain
size depending on the process used to form the IMC
phase. Part of the scatter in the eﬀective interdiﬀusion
coeﬃcients reported for IMC phases is undoubtedly due
to variations in grain size between specimens, which is
often neglected.
This paper focuses on the industrially important case
of aluminum to magnesium alloy couples. Such couples
are of importance in lightweight vehicle structures
produced by dissimilar metal joining of magnesium
and aluminum alloys. In Al-Mg couples, two diﬀerent
IMC phases Mg17Al12 and Al3Mg2 are typically
observed[5,9,10,12,17–19] and have diﬀerent growth kinet-
ics.[9,10,12] Once the IMC layers exceed a critical thick-
ness they are known to produce a sharp reduction in the
strength and ductility of the dissimilar metal joint.
Understanding how to control IMC growth in such a
system containing multiple IMCs is thus of great
practical as well as scientiﬁc importance.
The aim of the present work is to develop a model to
predict growth kinetics of each IMC phase in a binary
alloy system where multiple phases can form. The
eﬀect of grain size on diﬀusion is also explicitly
considered so that results from conditions that lead
to a diﬀerence in grain size can be compared. The basic
approach is from Kajihara’s model[1,2] extended to
include multiple phases. A classical grain growth
model[20] is applied to predict IMC grain size. The
model is demonstrated by application to the case of
Al-Mg alloy couples produced by ultrasonic welding
and diﬀusion annealing.
II. EXPERIMENTAL PROCEDURES
1-mm-thick sheets of Mg alloy AZ31 (Mg-
3 wt pct Al-1 wt pct Zn) and Al alloy AA6111 (Al-
0.85 wt pct Si-0.75 wt pct Mg-0.7 wt pct Cu) were used
in the present work. To provide a consistent starting
condition, the two sheets were welded using a Sonobond
dual reed ultrasonic welding machine for a very short
welding time (0.3 second). This minimizes the formation
of IMC during the welding process itself but allows for a
metallurgical bond to form between the magnesium and
aluminum alloy by breaking up the surface oxide. Then,
the welded couples were isothermally annealed at 633 K
and 673 K (360 C and 400 C), or 693 K (420 C) for
various times to study the growth kinetics of IMC
layers. Samples were cut through the weld centerline,
and then prepared using standard metallographic tech-
niques. The IMC layers were investigated using an FEI
Magellan high-resolution ﬁeld emission gun scanning
electron microscopy (FEGSEM) and high-resolution
electron backscatter diﬀraction (EBSD) under an accel-
eration voltage of 20 kV with a step size of 0.01 lm on
samples prepared by removing surface distortion with a
FEI Quanta 3D dual-beam focused ion beam (FIB).
III. MODELING AND CALCULATIONS
A. Dual IMC Phase Growth Model
In many important binary metal couples, the binary
system is characterized by limited solid solubility and
the formation of intermetallic compounds at intermedi-
ate compositions. During reactive interdiﬀusion, IMC
will form once suﬃcient diﬀusion across the interface
has occurred, and it will then grow. The nucleation stage
is often ignored since it usually occurs at very short
times with respect to total annealing time. Therefore, the
ﬁnal thickness of the IMC layer is controlled mainly by
growth. The growth kinetics of IMC phases are mainly
controlled by the interdiﬀusion coeﬃcient. Kajihara[1]
developed a model to calculate the eﬀective interdiﬀu-
sion coeﬃcient of an IMC phase from a binary system
where only one compound will be formed. Since the
thickness of an IMC phase is usually quite small with
respect to the total specimen size, the two metal
substrates can be considered as semi-inﬁnite boundaries.
The composition of an element at the two sides of an
interface can be calculated using thermodynamic calcu-
lation software if both sides of the moving interface are
assumed to be in a local equilibrium state. In Kajihara’s
model,[1,2] the moving rate of the interface is assumed to
be controlled by the volume diﬀusion in the neighboring
phases, and all other eﬀects caused by impurities or
defects are ignored. It is also assumed that the volume
diﬀusion coeﬃcient is independent of phase composi-
tion.
To extend this approach to a system with two IMC
phases, consider a hypothetical situation: a binary alloy
system A-B forms two IMC phases A2B (c-phase) and
AB (b-phase) at the interface between A and B,
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respectively, as schematically illustrated in Figure 1. The
initial boundary conditions are
CA x; t ¼ 0ð Þ ¼ CA0 ½2a
CB x; t ¼ 0ð Þ ¼ CB0: ½2b
During growth of intermetallic phases, the boundary
conditions of each phase can be described by
CA x ¼ zab; t>0ð Þ ¼ CAc ½2c
Cc x ¼ zab; t>0ð Þ ¼ CcA ½2d
Cc x ¼ zbc; t>0ð Þ ¼ Ccb ½2e
Cb x ¼ zbc; t>0ð Þ ¼ Cbc ½2f
Cb x ¼ zcd; t>0ð Þ ¼ CbB ½2g
CB x ¼ zcd; t>0ð Þ ¼ CBb: ½2h
Since there are two intermetallic phase, two more
boundary conditions are added compared to Kajihara’s
model for a single IMC. In Eqs. [2c] through [2h], zab,
zbc, and zcd are the distance of each interface to the
original interface between A and B, as shown in
Figure 1, and their values can be negative, zero, or
positive depending on their position to the original A-B
interface. According to Kajihara[1] and invoking Kid-
son’s model[11] for the growth kinetics of multiple
intermetallic phases in a binary system, the distance
























where t is time, DA, Dc, Db, and DB are the interdiﬀu-
sion coeﬃcient of the A substrate, the c-A2B phase,
the b-AB phase, and the B substrate, respectively. KAc,
KcA, Kcb, Kbc, KbB, and KBb are dimensionless propor-
tionality coeﬃcients, which are related to the initial
boundary conditions. According to Kajihara’s model,
incorporating the initial and boundary conditions
shown in Eqs. [2a] through [2h] into Fick’s 2nd law,
the proportionality coeﬃcients have the following rela-
tionships with the concentration proﬁle[1,2]:
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where CA0, CAc, CcA, Ccb, Cbc, CbB, CBb, and CB0
represent concentrations of the element A at one side of
an interface as shown in Figure 1. All the K values can
be calculated by these equations when the concentration
proﬁle data have been obtained.
The thickness of the two IMC phases can be simply
calculated by
lc ¼ zbc  zab ½5a
lb ¼ zab  zbc; ½5b
where lc and lb represent the thickness of the c-phase and
the b-phase, respectively.
If the Al-Mg binary system is taken as an example, the
IMC phases to be considered are Mg17Al12 and
Al3Mg2.
[5,9,10,12,17–19] These two IMC phases have dif-
ferent growth kinetics during long time anneal-
ing.[9,10,12,13,17] The Mg concentration at each side of
every interface was obtained by thermodynamic calcu-
lations using the thermodynamic software package
Pandat with the database PanAl2012. In order to
calculate the values of the positions for each interface,
only the Mg concentration proﬁle, the interdiﬀusion
coeﬃcient of each phase, and the time are required as
inputs.
Fig. 1—Concentration of A along the IMC layers for a hypothetical
A-B system in which two IMC phases form, A2B and AB.
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B. Grain Boundary Diffusion
It has been widely reported that grain boundaries can
act as fast diﬀusion paths.[14,16,21] According to Heit-
jans,[14] the pre-exponent factor D0 should be the same
for lattice diﬀusion and grain boundary diﬀusion, but
the activation energy for grain boundary diﬀusion is
about half of that for lattice diﬀusion. Diﬀusion
coeﬃcients for lattice diﬀusion and grain boundary
diﬀusion can be expressed using the classic Arrhenius
relationship as shown in Eqs. [6a] and [6b], respec-
tively[14]:








where Dl is the lattice diﬀusion coeﬃcient, Dgb is the
grain boundary diﬀusion coeﬃcient, D0l and D0gb are
pre-exponent factors for lattice diﬀusion and grain
boundary diﬀusion, Ql and Qgb are the activation
energies for lattice diﬀusion and grain boundary diﬀu-
sion, respectively.
The contribution that grain boundaries can make to
the overall diﬀusion rate also depends on the area of
grain boundary per unit volume (area fraction) and
grain boundary width. These factors can be com-
bined to calculate an eﬀective volume fraction avail-





where q is a numerical factor depending on the grain
shape, q = 1 for columnar grains, and q = 3 for
equiaxed grains;[14] d is grain boundary width, which
can be approximately assumed as three times of the
atomic diameter,[4] and L is grain size. Therefore, the
overall eﬀective diﬀusion coeﬃcient can be calculated
as weighted average of grain boundary diﬀusion and
lattice diﬀusion contributions as[14]
Deff ¼ gDgb þ 1 gð ÞDl; ½8
where Deﬀ is the overall eﬀective diﬀusion coeﬃcient.
C. Grain Growth
The grain size within the IMC is not usually constant
but evolves due to grain growth processes as the layer
thickens. This must be accounted for to accurately
determine the contribution made by grain boundary
diﬀusion. Grain growth kinetics generally follows the
typical grain growth equation[20]:
Ln2  Ln1 ¼ k t2  t1ð Þ; ½9
where L1 is the average grain size at the time t1, L2 is the
average grain size at the time t2, n is the exponent factor,
and k is a constant.
Measured values of the exponent (n) range from 2 to 4
for diﬀerent metals.[20] This classic grain growth model
is valid for equiaxed grains. For columnar grains, which
are often observed in the IMC layer formed in a
diﬀusion couple, if only the widening of grains is
considered, then Eq. [9] can also be applied, but the
grain size L should be the average width of the columnar
grains measured from 2-D section.[20] It is diﬃcult to
determine the appropriate values for k and n a priori,
and so in the present work, these are derived by ﬁtting to
experimental measurements of the IMC grain size made
at diﬀerent times. A further complication arises because
the grain size is often not uniform through the IMC
layer. In this case, it is diﬀusion through the region of
the largest grain size that will be rate limiting since there
will be fewer fast diﬀusion pathways. Therefore, it is the
grain size of the largest grain region (which usually
makes up most of the layer thickness) that is used as the
eﬀective grain size in the model. This will be demon-
strated for the case of the Al-Mg couple in the results
section.
Once the grain size is known, the eﬀective diﬀusion
coeﬃcient for the IMC phase at each temperature at
each time step can be predicted using the model
described in Eqs. [6] through [8]. The IMC growth
kinetics can then be predicted using the multi-IMC-
phase diﬀusion model, which is expressed in Eqs. [3]
through [5]. The model structure is schematically illus-
trated in the ﬂow chart shown in Figure 2. If the
interdiﬀusion coeﬃcients of the IMC phases are un-
known, the present model can also be applied to
calculate the pre-exponential factor D0 and the activa-
tion energy Q of the IMC phases if the thickness of each
IMC phase has been determined experimentally.
IV. RESULTS
A. Grain Growth of IMC Layers
The Mg17Al12 phase and the Al3Mg2 phase are the
two IMC phases expected to form in Al-Mg reactive
diﬀusion couples. In order to clearly distinguish the two
IMC phases and analyze the IMC grain size, EBSD was
applied to study the IMC layers. Figure 3 shows an
example EBSD phase identiﬁcation map after 10 min-
utes annealing at 673 K (400 C). It can be seen that at
short time (Figure 3(a)), the Mg17Al12 phase is thicker
than the Al3Mg2 phase. After a long annealing time
(3 hour or even 72 hour), the Al3Mg2 phase becomes
much thicker than the Mg17Al12 phase [Figures 3(b) and
(c)]. Further details are given elsewhere.[5] Mg17Al12
phase is the ﬁrst formed IMC phase, but the Al3Mg2
phase has a faster growth rate. Therefore, as the
annealing time is increased, the Al3Mg2 phase eventually
becomes thicker than the Mg17Al12 phase. In each
sample, the grain size of the Mg17Al12 phase is quite
uniform, and thus applying the average grain size for the
modeling calculation is acceptable. However, the grain
size for Al3Mg2 phase varies with the distance to the Al
substrate. New small Al3Mg2 grains always nucleate at
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the interface between Al3Mg2/Al with the thickening of
the Al3Mg2 phase, and they increase in size toward the
interface between Al3Mg2/Mg17Al12. Near the interface
to the Mg17Al12 phase, the Al3Mg2 grains can be as large
as the Mg17Al12 grains. This change in grain size can
clearly be seen in Figure 3. As discussed previously, the
rate-limiting step will be the diﬀusion through material
with the largest grain size. Therefore, in the model, the
grain size at the largest grain region is applied in Eq. [8]
to calculate the eﬀective diﬀusion coeﬃcient Deﬀ of the
IMC layer.
From Figure 3(c), a tertiary IMC phase is present at
the interface between the Mg17Al12 phase and the
Al3Mg2 phase after a long time heat treatment at
673 K (400 C). There are a number of candidate
tertiary IMC phases that can form after long time
annealing of Al-Mg couples.[22–24] Possible phases
include e-phase, R-phase, k-phase, or f-phase. EDX
analysis of the phase composition shows it contains
~56 at. pct Al, which best matches the expected chem-
istry for e-phase. This phase only formed after very
extended (e.g., 72 h) isothermal heat treatment, and
does not normally arise in the timescale used for
industrial dissimilar metal joining processes. Therefore,
it is not considered in the present modeling calculation.
The thickness data and the grain size data obtained
from the present experimental results are shown in
Figure 4 at diﬀerent temperatures and times. The grain
size data are measured from 2-D section to get the true
grain size. The growth behaviors of each IMC layer at
various temperatures are plotted in Figures 4(a) and (b).
The growth kinetics of the Al3Mg2 phase is always faster
than the Mg17Al12 phase at the temperature range, and
the kinetics curves of both the IMC phases generally
follow the parabolic relationship with time. Figure 4(c)
shows the average grain width measured from a 2-D
section of Mg17Al12, and Figure 4(d) shows the average
grain width measured from a 2-D section of Al3Mg2 in
the region close to the interface where the grain size is
largest. From the grain size data in Figures 4(c) and (d),
the grain growth behavior at these temperatures gener-
ally follows the parabolic relationship in Eq. [9] with the
exponent factor n = 2. In Figures 4(a) and (b), the error
bars are standard deviations of IMC thickness measured
at ﬁve diﬀerent positions. In Figures 4(c) and (d), the
error bars are standard deviations of the width of all
measured grains in a sample.
B. IMC Thickness Prediction
The model to predict the IMC thickness evolution for
both Mg17Al12 and Al3Mg2 phases was implemented in
MATLAB based on the theory already presented.
Equilibrium compositions of the phases at the interfaces
were calculated as a function of temperature using
Pandat as already described.
To predict the IMC growth kinetics, the model
requires diﬀusion data for both grain boundary and
lattice diﬀusion. The diﬀusion data available in the
literature extracted from measuring IMC thickening
rates provides only an eﬀective value for activation
energy that combines both grain boundary and lattice
diﬀusion.[12,13] If these values are used as inputs to the
model (assuming they apply to lattice diﬀusion only),
then as shown in Figure 5 the thickening rates are
Fig. 2—Schematic illustration of applying the model to predict IMC
growth kinetics.
Fig. 3—EBSD images of the reactive diﬀusion interface between Al
alloy and Mg alloy after long time isothermal heat treatment (a)
10 min, (b) 3 h, and (c) 72 hour, at 673 K (400 C).
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always overestimated by the model. This is because the
contribution from grain boundary and lattice diﬀusion
is not properly considered separately as required by the
model. These calculations demonstrate that values of D0
and Q from the literature cannot be directly applied in
the present model, but the new accurate values of
Fig. 4—Experimental measurement of (a) IMC thickness of the Mg17Al12 phase, (b) IMC thickness of the Al3Mg2 phase, (c) average width mea-
sured from 2-D section of the uniform Mg17Al12 grains, and (d) average width measured from 2-D section of the Al3Mg2 grains close to the
interface between the two intermetallic phases, after heat treatment at various temperatures for various times.
Fig. 5—Incorporating diﬀusion coeﬃcient data from the literature into the model and comparing with experimental measured IMC thickness
after isothermal heat treatment at 673 K (400 C): (a) diﬀusion coeﬃcient data from Brennan[6] and (b) diﬀusion coeﬃcient data from Das.[7]
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diﬀusion coeﬃcient parameters including D0l, D0gb, Ql,
and Qgb are necessary.
C. Interdiffusion Coefﬁcients Calculation
The present model can also be utilized to calculate
the interdiﬀusion coeﬃcients of IMC phases. In order
to calculate the interdiﬀusion coeﬃcients of the two
IMC phases, the grain growth kinetics of each IMC
phase and the thickness of each IMC layer after a
heat treatment are required. The self-diﬀusion coeﬃ-
cient of Mg and Al are obtained from Brennan.[6] The
eﬀective interdiﬀusion coeﬃcients of the Mg17Al12
phase and the Al3Mg2 phase can be calculated by
Eqs. [3] through [5]. The individual contributions from
lattice and grain boundary diﬀusion can then be
calculated using the measured grain size data at each
isothermal holding time as shown in Figure 4(b). The
calculated D0 and Q values for both mechanisms are
as shown in Table I.
With the diﬀusion coeﬃcient data from Table I, the
present model was also utilized to predict the thickness
of IMC layers at diﬀerent temperatures. Modeling
predictions are compared with experimental measured
IMC growth for Al-Mg couples with diﬀerent initial
conditions taken from the literature[10,25] as shown in
Figure 6. The experimental data in Figure 6(a) are from
Panteli.[25] In that study, couples between Al alloy
(AA6111) and Mg alloy (AZ31) were lightly welded
before the heat treatment, and thus the sample condi-
tions should be quite similar to those in the present
work. The experimental data in Figure 6(b) were from a
diﬀerent technique, that of diﬀusion bonding of pure
Al-Mg couples with no pre-welding, only contact under
pressure.[10] The IMC grain size data were not measured
in these studies.[10,25] Therefore, it was assumed that the
initial grain size in the IMC layer was the same as that
measured in the present work, but subsequent grain
growth was allowed to vary as a function of temperature
according to the grain growth model already outlined.
The good agreement between predictions and experi-
ments suggests that an accurate a priori knowledge of
the initial grain size in the IMC is not needed for the
present model to be used successfully, because the grain
size during most of the IMC thickening time is deter-
mined more strongly by the temperature at which grain
growth occurs.
V. DISCUSSION
Thickening of the intermetallic compound layers
during reactive interdiﬀusion involves both lattice and
grain boundary diﬀusion through the layer. The com-
petition between these two diﬀusion mechanisms can be
analyzed using the present model. From Eq. [8], the
dominant diﬀusion pathway is largely dependent on the
grain size. If the temperature is ﬁxed at 673 K (400 C)
which is a typical temperature used to produce Al-Mg
diﬀusion couples, the eﬀect of grain size on the
contributions of grain boundary diﬀusion and lattice
diﬀusion to the overall eﬀective diﬀusion coeﬃcient is as
shown in Figures 7(a) and (b). In Figure 7(a), it can be
seen that grain boundary diﬀusion dominates lattice
diﬀusion for the Mg17Al12 phase at 673 K (400 C)
across the whole range of grain sizes observed experi-
mentally (up to 25 lm) and thus the eﬀective diﬀusion
coeﬃcient is primarily controlled by grain boundary
diﬀusion. However, Figure 7(b) shows that grain
boundary diﬀusion only has a dominant eﬀect on the
eﬀective diﬀusion coeﬃcient for the Al3Mg2 phase at
673 K (400 C) when the grain size is very small
(<2 lm), otherwise lattice diﬀusion becomes more
important.
Table I. Diﬀusion Coeﬃcient Parameters for the Two IMC Phases Considering the Eﬀect of Grain Boundary Diﬀusion
Phase D0l (m
2/s) D0gb (m
2/s) Ql (kJ/mol) Qgb (kJ/mol)
Mg17Al12 4.0e3 4.0e3 155 78
Al3Mg2 8.5e6 8.5e6 90 45
Fig. 6—Comparisons between the modeling predictions and the experimental results[10,25] during long time static heat treatment between Al and
Mg at (a) 653 K (380 C) and (b) 697 K (424 C).
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The transition from grain boundary to lattice-domi-
nated diﬀusion is temperature dependent and this can be
seen by comparing the contributions assuming a ﬁxed
grain size of 2 lm. This small grain size is typical of that
observed during the early stages of IMC growth.
Diﬀusion coeﬃcients for the Mg17Al12 phase and the
Al3Mg2 phase for this grain size are plotted as a
function of temperature in Figures 7(c) and (d), respec-
tively. In the temperature range 600 K to 750 K (327 C
to 477 C), which is the typical temperature range
during solid-state welding between Al and Mg, grain
boundary diﬀusion is predicted to dominate for the
Mg17Al12 phase, but the eﬀective diﬀusion coeﬃcient for
the Al3Mg2 phase transitions from grain boundary to
lattice dominated at about 650 K (377 C).
The reason for the diﬀerent controlling mechanisms
for the two IMC phases in the Al-Mg couple is the
diﬀerence in activation energy of diﬀusion in each phase.
According to the present results, and consistent with
data from the literature,[10,12,13] the Mg17Al12 phase has
much higher activation energy for lattice diﬀusion than
the Al3Mg2 phase. The higher activation energy for
diﬀusion in the Mg17Al12 phase makes lattice diﬀusion
more diﬃcult, and therefore, the reduction in activation
energy associated with grain boundaries has a stronger
eﬀect on D. This eﬀect can be seen by considering the
inﬂuence of changing activation energy for a ﬁxed
temperature and grain size.
The eﬀect of activation energy on the coeﬃcients for
grain boundary and lattice diﬀusion at 673 K (400 C)
with a ﬁxed grain width of 2 lm is plotted in Figure 8.
This shows the expected activation energy for lattice
diﬀusion at which a transition from lattice to grain
boundary diﬀusion will dominate.
In this paper, the model is applied for the Al-Mg
couple where two typical IMC phases could be formed.
However, the model can also be utilized to predict IMC
Fig. 7—(a) Eﬀects of width of grains on diﬀusion coeﬃcient of c-Mg17Al12 at 673 K (400 C); (b) Eﬀects of width of grains on diﬀusion coeﬃ-
cient of b-Al3Mg2 at 673 K (400 C); (c) Eﬀects of temperature on grain boundary diﬀusion for c-Mg17Al12 if the grain width is ﬁxed at 2 lm;
(d) Eﬀects of temperature on grain boundary diﬀusion for b-Al3Mg2 if the grain width is ﬁxed at 2 lm.
Fig. 8—Eﬀects of activation energy of lattice diﬀusion on the com-
petition between grain boundary diﬀusion and lattice diﬀusion for a
phase with 2-lm grain width at 673 K (400 C).
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growth behavior or calculate diﬀusion coeﬃcients for
other couples of dissimilar metals where one or more
IMC phases could be formed.
VI. CONCLUSIONS
A new model has been developed to predict growth
kinetics of IMC layers. The model solves the growth
kinetics by explicitly accounting for both grain size
eﬀects and multiple IMC layers forming together. The
model is applied to the case of Al-Mg bonding in which
two main IMC phases form (Mg17Al12 and Al3Mg2)
both of which have a diﬀerent grain structure that
evolves during heat treatment. The model has been
successfully used to predict the growth kinetics of the
IMC layers in Al-Mg couples with diﬀerent initial
processing conditions heat treated at diﬀerent temper-
atures. The model enables the eﬀect of grain size on
IMC thickening rates to be explored and demonstrates
that for some IMC phases (i.e., Mg17Al12 in this case)
grain boundary diﬀusion will be dominant under
typical industrial conditions, whereas for others (i.e.,
Al3Mg2) lattice diﬀusion will dominate. These results
are useful in developing methods to slow down IMC
thickening rates to improve the performance of dissim-
ilar metal Al-Mg joints. For example, for phases where
grain boundary diﬀusion dominates, alloying with
dopants that segregate to the grain boundary may be
eﬀective in blocking diﬀusion pathways and slowing
thickening kinetics.
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